This article describes Norwegian and Polish experiences concerning domestic wastewater treatment obtained during nearly 20 years of operation for constructed wetland (CW) systems in rural areas and scattered settlements. The Norwegian CW systems revealed a high performance with respect to the removal of organic matter, biogenic elements and faecal indicator bacteria. The performance of the Polish CW systems was unstable, and varied between unsatisfied and satisfied treatment efficiency provided by horizontal and vertical flow CWs, respectively. Therefore, three different concepts related to the improvement of CW technology have been developed and implemented in Poland. These concepts combined some innovative solutions originally designed in Norway (e.g. an additional treatment step in biofilters) with Polish inspiration for new CWs treating rural domestic wastewater. The implementation of full-scale
INTRODUCTION
Mainland Norway is covered by mountains (44.4%), forests (38.2%), freshwater and glaciers (7%), and marshes and wetlands (5.8%), and only uses 3.2% of the land for agriculture and 1.4% for urbanised areas (Statistics Norway 2009). These characteristics of land use may explain the fact that approximately one-fourth of Norway's population of 4.7 million lives in the rural and mountainous regions, where connections to the central sewer network does not offer sustainable solutions. The latest statistical data shows that 23% of inhabitants did not have any connection to municipal wastewater treatment plants and 5% of inhabitants discharged wastewater directly without any method of purification (Berge et al. 2007) .
In Poland, the scattered localisation of farms, combined with an irregular inflow of wastewater, makes the traditional application of wastewater treatment systems for municipal areas inadequate in a rural setting. In addition, water consumption in rural areas is substantially smaller than in cities, and usually ranges from 50 to 100 litres per day compared to 150 or more litres per day in cities. Thus, the wastewater generated in rural areas is more concentrated and therefore more difficult to treat with conventional technology. In comparison to Norway, 15 million people live in the rural areas of Poland, which accounts for 40% of the total population. Nowadays, only 12% of wastewater generated in rural areas is collected and only 4.0% is treated (Ochrona środowiska 2009).
An alternative to the connection problem for rural communities to the centralised sewage network can be found in the construction of small decentralised (on-site) treatment systems. In Norway, approximately 17% of inhabitants are served by such systems defined by less than 50 pe (1 pe ¼ 60 g BOD 5 /d).
Septic tanks and infiltration systems are the most popular solution for all the types of small decentralised wastewater treatment systems in Norway (Table 1) . However, they are not so effective in the purification process concerning the removal of biogenic compounds, particularly phosphorus (P). One of the most efficient treatment systems with respect to P removal can be characterised by constructed wetland (CW) systems. The number of CWs in Norway has increased radically and now numbers in the few hundreds.
In Poland, small wastewater treatment systems are defined by less than 2000 pe. According to the criteria established by Polish regulation, treated wastewater from these systems has to have BOD 5 r40 mg O 2 /L, CODr150 mg O 2 /L, and SSr50 mg/L (Dziennik Ustaw 2006) . This requirement is very realistic for the effective performance of CWs, with about 1000 built so far in Poland.
NORWEGIAN EXPERIENCES WITH CW SYSTEMS
It has been nearly two decades since the first horizontal subsurface flow constructed wetland (HSFCW) was built in Norway. It was a pioneering system for the treatment of wastewater from rural households in cold climatic conditions. In general, such systems in Norway consist of three fundamental elements: a septic tank, an aerobic biofilter and a wetland bed. The first treatment step takes place in the septic tank. A three-chamber septic tank is recommended for CWs in Norway (NORVAR 2001a) . Effluent from the tank is first pre-treated by the biofilter (pre-filter) before entering the wetland bed. The purpose of using pre-filter is to supply air during the cold season and to enhance the nitrification process in improving nitrogen (N) removal (Maehlum et al. 1995) . An additional reason is to pre-treat effluent from the septic tank by the reduction of organic matter and to also avoid possible clogging occurring in CWs (Maehlum & Jenssen 1998) . In addition, pre-filter decreases the load of effluent into CWs; thus a stable and high effect of treatment can be achieved (NORVAR 2001b) . Effluent sent (via pump) from the septic tank is distributed in the biofilter by nozzles which enable it to be sprayed over the surface of filter material. Light Weight Aggregates (LWA) are typical filter materials used in CW systems, and among these, Light Expanded Clay Aggregates (LECA) and Filtralite s are the ones most frequently 9 Rural domestic wastewater treatment in Norway and Poland: constructed wetlands Water Science & Technology 9 9 9 9 63.4 9 9 9 9 2011 used (Svik & Klve 2005) . The minimum depth of a biofilter is 0.5 m (NORVAR 2001b), while the standard construction depth is approximately 0.6 m (Jenssen et al. 2005) . The last step of domestic wastewater treatment occurs in a saturated bed of CW, which is mainly constructed for P removal. The bed is designed for a P-retention lifetime of approximately 15 years (Jenssen & Krogstad 2002) . The lifetime is defined as the time needed to reach the permitted P concentration (1.0 mg P/L) in effluent from the entire treatment system. In regard to this aspect, the minimum retention time in a saturated bed of CW is 7 or 10 days for wastewater or greywater, respectively. In addition, the use of Filtralite s P as a filter media with a high P-binding capacity is recommended (NORVAR 2001b). As a standard, CWs are rather area extensive and require 8-10 or 3-5 m 2 per pe for treatment of wastewater or greywater, respectively (NORVAR 2001b) . Although CW guidelines give the general suggestion for a depth of 0.6 m, it is recommended for cold climate conditions to construct a wetland bed 1.0 m in depth (NOR-VAR 2001b) . In practise, however, Norwegian systems are about 0.9 m deep, which is enough to allow for freezing of the upper layer (0.1-0.3 m), while still having sufficient hydraulic capacity to conduct wastewater (Maehlum & Jenssen 1998) .
Ice cover can give some insulation and snow provides quite good insulation. If left unharvested, wetland vegetation (e.g. common reed -Phragmites australis) offers another type of natural insulation. Norwegian systems operating under cold climatic conditions have demonstrated a high and stable treatment efficiency regarding organic matter, nutrients and faecal indicator bacteria (FIB). CWs can effectively reduce organic matter by a minimum of 75% (Maehlum & Jenssen 1998) , with the major removal processes occurring in biofilters. Depending on the loading rate, a biofilter alone can reduce BOD 7 by 96% (Heistad et al. 2006 ). The removal of N from domestic wastewater can achieve levels of 60% (Maehlum et al. 1995; Jenssen et al. 2005) . Most of the removal occurs in the biofilter, which efficiently nitrifies and reduces ammonia concentrations. Jenssen et al. (2005) have shown a total N removal of up to 40% in the biofilters. Specially developed filter media of HSFCW can provide high removal of P by more than 90% (Maehlum et al. 1995; Maehlum & Jenssen 1998; Jenssen et al. 2005) . CW systems perform very well with respect to the removal of FIB. Concentrations of FIB in the effluents from these systems are below the mandatory concentration for bathing water as defined by European quality requirements. Such a performance could be explained by an inactivation effect occurring in the high-pH LWA (initial pH of 12-13). However, Jenssen et al. (2005) reported that the removal of FIB in CWs with a pH level nearly neutral was still very efficient, and resulted in effluent concentrations below 100 cfu/100 ml. This can be related to the fact that clay-based filter media used in CWs are effective in removing enteric microorganisms which bind to the clay particles (Davies & Bavor 2000) .
POLISH EXPERIENCES WITH CW SYSTEMS
Most of the CWs treating domestic wastewater in Poland were built in the 1990s as one-stage HSFCW beds. These pioneering systems provided effective removal of organic matter, e.g. BOD 5 removal efficiencies varied from 45.6 to 99.1% (76.4% on average). The removal of BOD 5 and total nitrogen (TN) from 1 m 2 of the bed in some of the representative wetlands constructed for four individual households in the cities of Ciechanow and Lublin, three individual households near the city of Ostroleka, and four cluster settlements in the Gorzow Province is presented in Table 2 . The differences in the removal of organic matter from 0.1 g/m 2 /d to 10.8 g/m 2 /d may indicate that treatment efficiency depends mainly on proper design and operation of the one-stage HSFCW beds. The efficiency of TN removal in these wetlands was lower in comparison to BOD 5 and varied from 22.4 to 84.2% (44.5% on average). The removal from 1 m 2 bed was also rather low ( Table 2) , suggesting that such one-stage HSFCW beds are not predestined for effective N removal. In fact, many of the HSFCWs did not work properly. The main reason for this was the inadequate operation of septic tanks, resulting in the inflow of grease and suspended solids to the wetland beds, which caused a decrease in the hydraulic conductivity of the beds. The first vertical flow constructed wetlands (VFCWs) were built in Podlasie Region in 2004. It was the municipality of Sokoly near the city of Bialystok which decided to launch a proper sewage management and treatment by implementing effective (effectiveness of the representative wetlands during the first five years of operation is presented in Table 3) 
and relatively low cost and low maintenance technology.
At present, in the Podlasie Region there are 600 VFCWs in operation (Wasiak 2008) . These VFCWs were built according to the guidelines for construction of small-scale domestic wastewater treatment systems (Halicki 2009 ) consisting of a septic tank, a VFCW bed and a denitrification pond. The performance of the VFCWs in Podlasie Region was very effective with respect to the removal efficiency of the characteristic pollutants, BOD 5 86-98%, and COD 79-94% (Table 3 ). The VFCWs provided very good conditions for nitrification process, as relatively low concentrations of N-NH 4 þ in the effluents of the three investigated wetlands were measured. In comparison, the removal of TN was substantially low. As a consequence, the dominant form of N in the effluents were N-NO 3 À , indicating that the denitrification pond fails to play its role. The results obtained revealed also low effectiveness of the VFCW beds in the total P removal.
CONCEPTS FOR THE IMPROVEMENT OF CONSTRUCTED WETLANDS TECHNOLOGY FOR RURAL DOMESTIC WASTEWATER TREATMENT
Three concepts of various approaches to wastewater treatment and sludge utilisation in rural areas were developed by Polish researchers from the Gdansk University of Technology in a joint cooperation with Norwegian researchers from the Soil and Environment Division of Bioforsk in Aas. All the concepts were recently put in practise, and nine treatment wetlands in three different configurations have been constructed in Poland. The first configuration is shown in Figure 1 and consists of three main treatment elements: a septic tank with a prolonged wastewater retention time (5-6 days), a VFCW bed and a pond. This configuration has been designed and constructed to primarily examine the impact of retention time in relation to the efficiency for the removal of wastewater pollutants. Figure 2 presents the second configuration which consists of screening unit/sieves, followed by two sequential VFCW beds and a pond. The main focus of this concept was to determine the role of primary treatment processes on the overall efficiency of wastewater treatment.
The implementation of Norwegian technology adapted to Polish conditions characterised the third configuration as shown in Figure 3 . It was designed in accordance with Norwegian principles for the construction of HSFCWs; hence it directly imitates the typical Norwegian system. The innovation in this system was the connection to an effluent polishing pond. A major aspect and distinguishing feature of these concepts is that all of them have been implemented as full-scale objects under real field-operational conditions. Therefore, the outcomes on the removal of wastewater pollutants will truly reflect the standard treatment efficiency of these innovative objects. Based on this, an evaluation and selection of the optimal configuration of wetland beds for the treatment of rural domestic wastewater under various operational conditions will be conducted.
CONCLUSIONS
In both Norway and Poland, CW systems treating domestic wastewater have been operating for almost two decades. The proper maintenance and operation of Norwegian systems revealed their high performance under cold climatic conditions. These systems commonly use LWA filter media, and are typically built with a biofilter (pre-filter) followed by an HSFCW bed. The major removal of organic matter and the substantial reduction of N take part in the biofilter, while the main reduction of P concentration and FIB occurs in the saturated wetland bed. These systems are relatively simple to operate and do not require special maintenance. In fact, there is only periodical control for the clogging of the pump and nozzles in the biofilter. In Poland, one-stage HSFCWs planted with hydrophytes have thus far shown a quite unstable treatment efficiency caused by the improper operation of septic tanks and the clogging of beds. A better effectiveness under Polish conditions was revealed by systems built with VFCW, which can be recommended for the treatment of domestic wastewater in rural areas and scattered settlements. Based on the Norwegian and Polish experience obtained during the nearly 20 years of CW operation, three different concepts/configurations for full-scale objects consisting of at least three treatment steps have been jointly developed and implemented in Poland. The investigation of these objects shall provide reliable outcomes that allow for the objective evaluation of treatment efficiency and the further selection of the most optimal concept/configuration for the innovative use of CW systems treating rural domestic wastewater. 9 The layout of a CW in its 1 st configuration.
